Abstract. An advanced heat removal scenario is required to handle the high input power of magnetic fusion reactors. The concepts of gas target and radiative divertors have been explored. A set of self-consistently coupled fluid equations for plasma and neutrals is suitable for this system because of the sophisticated equations for neutrals. The transfer of plasma momentum to neutrals, which is crucial in understanding the plasma-neutral interface, is described through the charge exchange process. Our code results show good agreement with gas target experiments on the PISCES experiment and demonstrate its superiority to the previous simulation. This benchmarked code and a set of equations have been applied to a slot divertor for DEMO reactor. The slot length for the divertor can be determined by producing enough frictional force to overcome the thermal force which creates a backflow of impurities. A small amount of radiating argon is enough to exhaust 40 MW of power from the core plasma in a 40 cm long slot for the inner divertor of DEMO.
Overview of the problem
The high recycling divertor [1] for a next generation magnetic fusion device has a critical problem, which is the high peaked power loading on the target. This problem results from charged particles, produced by the ionization of neutral gas, releasing potential energy at the target, where they recombine into atoms and molecules. Moreover, if neutrals originate mainly from the plasma recycling at the target, the radiation zone is squeezed near to the target, thus reducing the effect of power spreading by radiation. Therefore, reducing the particle flux to the target by momentum dissipation and broadening the zone of plasma interaction with neutral particles are needed to remove the heat flux effectively for future power plants. That is, radiation due to impurities will lower the electron temperature and the plasma loses its momentum to the cold neutrals due to charge exchange. Then neutral-neutral (n-n) collisions transfer the momentum onto the wall by viscosity.
Possible mechanisms to accomplish the above are provided by the radiative divertors [2] (i.e. an enhanced impurity radiation concept accomplished by seeding of a recycling impurity), and gas target divertors [3, 4] (relying on volume recombination * Present affiliation: Korea Basic Science Institute, Taejon, Republic of Korea.
and deuterium line radiation) have been proposed for ITER EDA [5] . The proposed concepts use a high radiative power fraction which is limited, but the momentum exhaust due to charge exchange (CX) friction and viscosity may allow the radiative power to increase sufficiently. The gas target and radiative divertors may require installation in remote regions to prevent fuel dilution due to impurity backflow of high density neutral gas. Even though ITER EDA may work with these concepts, high power (>400 MW) to the SOL for DEMO reactor may not be handled because of insufficient radiative power.
In particular, injection of molecular deuterium at the target has been successful in reducing heat and dissipating momentum. With sufficient gas injection, plasma detaches from the target, as has been demonstrated in PISCES experiments. We have learned from both experiments and simulation work that large backflows of plasma and neutral atoms exist. These particle fluxes out of the divertor channel can cause degradation of the performance of the core plasma and increase the required pumping speed considerably in a power plant.
In principle, the plasma energy flowing into the divertor channel is used in ionizing the gas which is injected into the divertor chamber. Two issues should be considered:
(a) Since the transfer of plasma momentum to neutrals is crucial in understanding the plasma-neutral interface, a much more sophisticated model for neutral transport is needed.
(b) Since the injection of impurities can radiate enough power to greatly reduce the available energy per particle for ionization and eventually to stop the backflow, a good treatment of impurities in the model is necessary.
In this article, we have incorporated a NavierStokes model for neutral transport only, which provides a velocity and temperature of the neutral atoms for the friction force and heat generation due to CX, respectively. This new model was benchmarked against PISCES experiments and the DEGAS neutral transport code.
The article is organized as follows. In Section 2, our equation set and each term in the set are described. Section 3 describes experiments in PISCES for the gas target divertor and a comparison is made with results from our code, FMS1D. The radiative divertor in DEMO is simulated in Section 4 and a summary is given in Section 5.
Formulation of the equation set
Kinetic equations for neutrals with CX, ionization and recombination operators have been formulated [6, 7] with kinetic equations for ions self-consistently using the Grad 13 moment (n, v, T, q, Π) method. A basic assumption is that the ion collision frequency ν and the CX frequency ν CX are assumed to be comparable. Also, CX is dominant over the ionization and recombination, i.e. ν ∼ ν CX ν z ∼ ν r . The resultant fluid equation set for plasma based on Refs [6, 7] is
and ∂ ∂t
where
Because of charge exchange the coupling to the ion viscosity Π i is (N n + N i )/N i times the Braginskii value [8] . F CX is the frictional force due to charge exchange. The fifth term on the right hand side of the electron energy equation, Eq. (4), describes ionization and radiation losses, where E ion is the electron energy loss per ionization event, including excitation losses, and is a function of the local electron temperature and density [9, 10] . The sixth term represents the electron energy losses due to the various dissociation reactions [11] . N I is the impurity density and E I is the energy of the relevant excited impurity state with an excitation rate constant of σ imp v th,e I .
The classical Spitzer-Härm theory [12] for the electron heat conductivity along a magnetic field is only valid for the ratio R of electron mean free path for 90
• scattering by multiple collisions to the scale length of electron temperature: R ≤ 10 −2 . However, the SOL plasma region is usually in the range of R ≥ 10 −2 . The heat flux limiter, which limits the maximum heat flow, in the electron heat flux, q e , is fitted from the theoretical result and a full numerical Fokker-Planck simulation [13] . This implies that the electrons primarily responsible for the heat flow are at energies of (4-6)T e , i.e. in the high energy tail of the Maxwellian distribution. Here, we use a crosssection σ CX = 7.0 × 10 −19 m 2 [14] . For neutrals one has
and
Here, S is defined as the rate of the strain tensor for neutrals. Charge exchange causes the ion and neutrals temperatures to be equal to the lowest order, as well as coupling the ion and neutral flows via Eq. (2) . N m in Eq. (8), the diffusion equation for molecules, is the density of molecular deuterium. ν m,n and ν m,i are momentum loss rates due to collisions with atomic deuterium and ions, respectively.
The source terms S n and S m can include the neutral recycling at the target and radial boundary. The pumping of neutrals in front of the divertor tube, as well as molecular deuterium injection either in the upstream boundary or at the target, is included into these source terms.
The effective radius of the helical motion, the collision time and the mean free path of the coupled neutral-ion system become (N i + N n )/N i times larger, since the particles feel a magnetic field reduced by a factor of N i /(N i + N n ) from the actual magnetic field. This causes the scaling of the total transport coefficients to become proportional to
2 . Therefore, if N n N i , transport coefficients do not become abnormally large, but are limited by n-n collisions. An additional form factor such as
is put into the transport coefficients to correct this.
The parallel (to the magnetic field) ion flow into the conducting walls should satisfy a generalized Bohm sheath criterion. In the case of the electron energy equation, the normal component to the divertor plate of the second term in the parentheses on the right hand side of Eq. (4) is proportional to the normal electron energy flux with the heat transmission coefficient of electrons. For neutrals, the boundary conditions at the divertor plate is such that the outgoing neutral flux normal to the divertor plate is equal to incoming normal ion flux. Also, the normal component to the divertor plate of the second term in the parentheses on the right hand side of Eq. (6) is proportional to the normal neutral momentum flux with the momentum transmission coefficient of the neutrals. The ion and electron temperatures at the upstream boundary are specified. In the diffusion equation for molecular deuterium, the molecular flux is prescribed at the target through plasma recycling and molecular deuterium injection. Typically, kT m = 0.1 eV for molecular deuterium and a target recycling coefficient of 0.99 are assumed. Other boundary conditions are chosen at the upstream boundary corresponding to the gradients of the molecular and plasma density profiles, which are determined experimentally.
The above equations have been solved in a fully implicit one and one half dimensional ( 1 1 2 ) fluid modelling system 1-D (FMS1D) code [15] . The model is called a ' 1 1 2 -D' model because radial plasma transport, sidewall recycling and gas injection are included as source or sink rates depending on the axial coordinates only. In order to calculate the heat flux at the target, the sheath transmission factor, including the effect due to steep temperature gradients inside the sheath [16] , is utilized.
Comparison was made with experimental data and the results [17] from a set of Braginskii plasma equations [8] and the diffusive neutral equation. One of the distinguishing results from our set of equations is faster convergence in various cases than the set of Braginskii plasma equations and the diffusive neutral equation, even though the equation set in this article consists of more equations. This is because of smooth changes in neutral density, velocity and temperature which result from the code calculating them at each grid. FMS1D can monitor various unknowns in equations and at what grid nodes become damped for the most recent time step where damping occurred. Damping is a sign that the unknowns tried to change too rapidly. Often the damping will correspond to the formation of a steep gradient in the flow, or of a poorly chosen boundary condition. Since the diffusion equation calculates only the density with a diffusion coefficient, which is one of the inputs, the diffusion equation for neutrals often forms a steep gradient.
Simulation of PISCES results
The experiments are carried out in the PISCES linear plasma device [17] shown in Fig. 1 . A circular tube, made of anodized aluminium (length L = 0.9 m, inner radius r 0 = 2.25 cm) is located at a distance of 0.55 m from the source to simulate a closed 'slot type' divertor channel. Hydrogen gas can be admitted at the plasma source and/or through a gas feed located near the centre of the target plate (z = 0). The simulation results of a stationary, detached ionization front, which is observed in the experimentally simulated divertor plasma (n ≤ 3 × 10 19 m −3 , kT e ≤ 20 eV) of PISCES, are summarized in Fig. 2 . The forms for source and sink rates due to the cross-field transport, i.e. radial plasma transport and side wall recycling, are obtained from the experimental results [17] . Note that a Bessel profile is assumed for the radial plasma density distribution with the radial diffusion scale length λ ⊥ = r 0 /2.405.
Strong neutral hydrogen gas injected through the target (S H2 (0) 0.3 Pa m 3 /s) during the experiment results in the formation of a stationary 'detached' ionization front at z 0.3 m (Figs 2(a) and (d) ). The parallel electron heat flux, and the electron temperature, decrease dramatically due to large dissociation, ionization and radiation losses in the tube. The calculated parallel heat flux at the upstream boundary (z = 1 m) is 6.8 MW/m 2 . The electron temperature at the target is reduced to 2.5 eV (Fig. 2(c) ) and the measured peak heat flux at the target is reduced to 0.22 MW/m 2 , or 3% of the peak heat flux at the tube entrance. Figure 2 (a) displays the variation of the plasma density along the magnetic field. Points with error bars indicate experimental data. The solid and dashed curves show results from our set of equations with form factors C k = 0.2 and 0.8, respectively. The chain curves in Fig. 2 represent results from a set of Braginskii plasma equations and a diffusive neutral equation, which are described in Ref. [17] . The calculated plasma densities match well with the experimentally measured density except for the region near the target, where the calculated density is lower than the measured one. This means that the parallel particle loss to the target is larger in the model equation. For this reason, we conjecture that a set of fluid equations which is based on a small perturbation in the Maxwellian distribution may not be accurate enough because of large distortion of the ion distribution from the Maxwellian [16] . Also, this may be due to 2-D effects such as the radial shear viscosity and/or a finite neutral velocity directed opposite to the plasma, which are not taken into account in the 1 Velocities of plasma and neutrals are shown in Fig. 2(b) . Negative flow speed is towards the target. The difference between the calculated flow reversal point from our set of equations and the measured one is the result of different peaking positions of the plasma pressure. However, our set produces a closer flow reversal point than the one from the Braginskii plasma equations and the diffusive neutral equation. Electron temperature is shown in Fig. 2(c) . The measured and calculated plasma flow parallel to the magnetic field is locally reversed near the region of peak pressure around z = 0.4 m in Fig. 2(d) . Parallel momentum dissipation due to ion-neutral collisions, which are frequent near the target because of the high molecular and atomic neutral densities, causes the strong decrease of pressure towards the target. Namely, the kinetic pressure of the plasma is transferred to neutrals due to the charge exchange process F CX in Eqs (2) and (6). Neutral-neutral elastic collisions follow, transferring the momentum to cold neutrals, and then the viscous force transfers it effectively to the wall. Therefore, momentum dissipation in the radial direction is essential to achieve a completely detached plasma, which will be explained in Section 4. These n-n collisions do not affect much the general profiles of plasma, atoms and molecules except in the ionization layer where the atomic density is about 6×10 13 cm −3 and the mean free path for collisions is about 10 cm. The radial plasma loss dominates the parallel plasma flow to the target, causing a strong reduction of the plasma density. Note that volume recombination does not contribute to charged particle loss in this experiment, since the volume recombination rate at kT e ≥ 2.5 eV and n ≤ 3 × 10 19 m −3 is negligible compared with the observed radial particle loss rate [17] . In this experiment, the peak plasma pressure is approximately balanced by the neutral hydrogen pressure at the target.
The clear superiority of the set of equations used in this work compared with the model of the Braginskii plasma and the diffusive neutral equation is shown in Fig. 2(e) , the variation of the atomic hydrogen density. The dissociation rate of molecular hydrogen injected at the target increases rapidly with increasing electron temperature. The atomic hydrogen density peaks at about 0.25 m. For z > 0.25 m the atomic density decreases substantially due to ionization and dissociation. However, the crude treatment of molecule hydrogen, namely using only diffusion equation for it, still causes the discrepancy near ionization layer between the experimentally measured atomic density and calculated density. We can conclude that the precise calculation of neutral parameters, using a set of equations for plasma and neutrals determined self-consistently, results in better matching with the measured data generally. However, the crude treatment for molecular hydrogen, namely using the particle diffusion equation only, still causes the discrepancy near the ionization layer between the experimentally measured and calculated atomic hydrogen densities.
Application to the DEMO divertor
Depending on the geometry of the divertor and on the impurity species, the impurity radiation can be extended poloidally up to, and inside, the last closed flux surface. This radiation forms the cold radiating plasma boundary, the so-called radiating mantle [18] , which will distribute the power load on the whole vessel wall and will cool the plasma edge only. A radiating mantle can lower the plasma temperature coming to the SOL by radiating heat just inside the separatrix. The relevant processes of a radiating mantle are ionization and excitation. Even though the radiated energy per impurity particle increases approximately with Z 3 , light species such as neon or silicon provide selective edge cooling and can radiate a significant fraction of the total power [18] . Helium exhaust may be a problem with a radiating mantle. However, experiments at TEXTOR show helium, in discharges with the radiation level (defined as the ratio of radiation power to total input power) below 0.9 and high central density, may be removed to an acceptable level [18] for DEMO.
The set of equations formulated and benchmarked with measured data from PISCES, in Sections 2 and 3, are applied for future tokamaks. We have performed the simulation of impurity injection with argon, which is also benchmarked against PISCES experiments, and obtained the successful simulation of detached plasma for the slot divertor of ITER [19] . Impurities and neutrals could detach from the plasma with no backflows. The magnetic field used in this section is not perpendicular to the plate.
The following two equations are derived from a two point model [20] which uses the continuity, local power balance and global power balance equations for the heat flux at the plate q ,div and the pressure drop f p with Bohm-like perpendicular transport:
Here s is the midpoint of the SOL plasma, D denotes divertor, f p is a possible pressure drop along the field lines due to ion-neutral interactions or other momentum loss mechanisms (f p = 1 means the absence of momentum losses), f rad is the SOL radiative fraction, L c is the connection length, γ is the energy transmission factor, M D is the Mach number at the target, ξ is the total energy consumed per ionization process (ionization potential + radiation ∼ 30 eV), ξ H is the ionization energy at recombination (13.6 eV) and ψ is the magnetic field pitch.
One can see that f p is one of the important quantities controlling q ,div from Eq. (9) . This is the difference from the high recycling divertor, which is the case of f p close to unity. Low temperatures in front of the divertor can be easily achieved in the standard high recycling case by radiation and ionization of the recycling gas, or by conduction at high density, but particle flux is increased by recycled particles. In order to reach the minimum heat flux at the divertor, f rad has to have its maximum value corresponding to a given f p from Eq. (10). This means that the neutrals are the most important ingredient in obtaining detached plasma, or a high radiative fraction.
The concept of the radiative divertor requires impurity radiators, such as argon and neon, to dissipate heat into the plate and side walls. A radiative divertor uses impurities, which increase the dissipated power per ionization event, rather than molecular deuterium as in the gas target divertor. Since this concept provides the impurity externally, the confinement of the impurity inside the divertor cassette is one of the most important considerations. Even though molecular deuterium is not introduced externally, the recycled deuterium from the plate dissipates plasma momentum, which will be enough to detach the plasma. Figure 3 shows the results for the inner divertor slot of a tokamak, which is designed with a nonmonotonic safety factor (q) profile in the plasma, in the study of the STARLITE DEMO reactor [21] . Major parameters of the DEMO design are a plasma current of 16.3 MA, on-axis toroidal field of 6.01 T, major radius of 5.4 m, minor radius of 1.3 m, elongation and triangularity at 95% of the magnetic flux surfaces of 1.8 and 0.5, respectively, q on-axis of 2.08 and q at 95% of the magnetic flux surfaces of 3.88. The power to the inner divertor at the upper side of the double null plasma is assumed to be 40 MW out of the total 360 MW plasma heating power to the SOL plasma. Figure 3(a) shows the densities of plasma, argon, neutral deuterium and molecular deuterium (D 2 ). The impurity density was prescribed on the basis of plasma density, such as 2.5% argon at the ionization layer and 1.5% in the other regions of the plasma. Energy sink terms due to radiating argon are added to the electron heat equation. Even though molecular D 2 is not puffed, recycled D 2 exists and plays the role of removing plasma momentum. The recycled D 2 results in the detachment of plasma from the divertor plate. The plasma flow, shown in Fig. 3(b) , is directed towards the plate throughout the whole slot. The impurity velocity is assumed to be equal to the plasma velocity. The plasma pressure expansion, shown in Fig. 3(c) , causes the acceleration of the plasma. The ionization front is located about 15 cm away from the plate. Its position is determined by the amount of impurity. The 40 cm length of the divertor plate for the inner divertor has been determined by considering the average heat flux at the plate, the peak radiation power density, the distance of the ionization front from the plate, and the amount of pumping and puffing molecular D 2 needed for impurity flow stagnation [19] . An ionization front close to the divertor plate must be avoided to reduce the radiation damage to the plate.
Collisional thermal forces (parallel to the magnetic field), due to ion and electron temperature gradients, on impurity ions in a hydrogenic plasma [22] cause the backflow of the impurity to the core plasma. The thermal force is proportional to Z 2 I , the ion charge number of an impurity, and acts in the direction of the majority ion temperature gradient, which is away from the divertor and towards the core plasma. Backflow of impurities can be prevented when the viscous drag force due to the velocity difference between ions and impurities (i.e. frictional drag with a vigorous target-directed primary ion flow) exceeds the thermal force. The strong puffing and pumping experiment [23] at DIII-D created an ion flow, which could reduce the amount of impurity in the core plasma. Ion flow has been demonstrated to be an effective tool [24] to preferentially enrich impurities in the divertor plasma, in discharges with both a radiating mantle and a radiative divertor. The gas puffing rate based on this experiment was deduced by comparing the viscous drag force, due to the ion flow generated, and the thermal force of an impurity as [19] Gas throughput(Pa m
where a is the minor radius, κ 95 is the elongation of plasma at 95% of the minor radius, q 95 is the safety factor at 95% of the minor radius, T e is the electron temperature at the inlet of the slot and s p is the poloidal length of the slot. Therefore, the gas throughput for the ion flow in the SOL can be reduced by reducing the machine size and the plasma temperature in the SOL. An advanced operation scenario to reduce the size of the machine and radiating mantle formation to lower the electron temperature to the SOL would be required to reduce the amount of the gas throughput. According to Eq. (11), ITER may need a 2 m slot, with throughput of 3000-7500 torr L, to have impurity flow stagnation by the enforced gas flow. Also, since hot neutrals transfer the plasma momentum to the edge of the plasma by CX and then cold neutrals transfer it onto the side wall by friction, n-n interactions in the gap between the plasma and the side wall may determine the width of the slot [25] .
Summary and discussion
The transfer of plasma momentum to neutrals is formulated in a set of equations determined in a self-consistent manner between plasma and neutrals. Our set of equations results in better fits to measured data from the PISCES experiments than a set of Braginskii plasma equations and a diffusive neutral equation. The primary reasons are that higher moment equations for neutrals and self-consistent transport coefficients determined by the Grad 13 moment method are used. The electron heat conductivity along the magnetic field has been modified by the fitted heat flux limiter to fulfil the experimental situation of the electron mean free path being comparable to the scale length of the electron temperature. The peaked atomic density profile is reduced by about a factor of two against one obtained using a neutral diffusion equation only. Since the resultant equations reduce the steep changes of unknowns while iterating, a faster convergence than the diffusion model for neutrals is obtained. Generally speaking, our set of equations takes care of the ionization front, and characterizes the reversed gradient regions of pressure and density in the PISCES experiments for the gas target divertor better than a set of Braginskii plasma equations and a diffusive neutral equation.
Injection of radiators, including mixed puffing of molecular deuterium and impurity argon for a radiative divertor, usually shows the backflows of plasma and neutrals since the ionization source distribution of neutrals does not match the ion flux distribution onto the target. Therefore, if the available energy for ionization is greatly reduced, backflows of plasma and neutrals may be stopped, in principle. The ion and electron temperature gradients provide the thermal force on the impurity and result in backflow of the impurity. Compression of the impurity inside a divertor using enforced flow due to rigorous puffing and pumping is considered to determine the length of the slot divertor for DEMO. The average heat flux at the plate, the peak radiation power density, the position of the ionization front away from the plate and the amount of pumping and puffing molecular deuterium for ion flow towards the target are considered for the length of the divertor slot. The 40 cm long inner divertor slot for DEMO establishes a stable ionization front 15 cm away from the plate with 2.5% argon in the ionization layer and 1.5% in other regions of the plasma.
The best scheme to handle high power from the core plasma at present is a combination of a slot divertor and a radiating mantle, which radiates more than 50% of incoming power to the SOL and causes the electrons to cool down. The lower electron temperature reduces the amount of gas puffing and pumping for ion flow. Experiments with ion flow generated by strong puffing and pumping and with high radiating power both inside and outside (SOL) the separatrix and inside the divertor cassette in the DIII-D tokamak demonstrated a lower impurity concentration in the core plasma. However, in order to apply a radiating mantle to a magnetic fusion power plant, the issues of feedback control of the impurity level in the mantle, thermal instability due to thermal condensation, confinement and fuel dilution should be solved.
